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Previewsmacrophages, or directly control macro-
phages, at least in part via secretion of
IL-10. Augmentation of such suppressive
activities of PPARg-expressing Treg cells
may enable better control of VAT inflam-
mation in obesity.
Lastly, are Treg cells involved in other
chronic low-grade inflammation accom-
panying tissue damage? In atheroscle-
rosis, for example, Foxp3+ Treg cells
present in atheroma lesions have been
implicated in suppressing the formation
of foam cells from macrophages (Ait-Ou-
fella et al., 2006). Pioglitazone has
a protective effect on atherosclerosis.
The effect of pioglitazone in VAT, causing
an increase in VAT Treg cells, suggests
that a similar mechanism may underlie
theprotective effects of thedrug in athero-
sclerosis. Further investigation is required
to determine the possible contribution of6 Cell Metabolism 16, July 3, 2012 ª2012 ElsFoxp3+ Treg cells to the control of other
chronic immunometabolic diseases, in
which targeting tissue-specific Foxp3+
Tregcells could represent anewapproach
for treatment and prevention.
In conclusion, the finding by Cipolletta
et al. (2012) on the presence of VAT-resi-
dent PPARg-expressing Treg cells that
control VAT inflammation in obesity
provides a new link between immunoreg-
ulation and metabolic disease, and may
be exploited to devise immunotherapies
for immunometabolic diseases.
REFERENCES
Ait-Oufella, H., Salomon, B.L., Potteaux, S., Rob-
ertson, A.-K.L., Gourdy, P., Zoll, J., Merval, R., Es-
posito, B., Cohen, J.L., Fisson, S., et al. (2006). Nat.
Med. 12, 178–180.
Chawla, A., Repa, J.J., Evans, R.M., and Mangels-
dorf, D.J. (2001). Science 294, 1866–1870.evier Inc.Cipolletta, D., Feuerer, M., Li, A., Kamei, N., Lee, J.,
Shoelson, S.E., Benoist, C., and Mathis, D. (2012).
Nature, in press. Published online: May 16, 2012.
10.1038/nature11132.
Feuerer, M., Herrero, L., Cipolletta, D., Naaz, A.,
Wong, J., Nayer, A., Lee, J., Goldfine, A.B., Beno-
ist, C., Shoelson, S., et al. (2009). Nat. Med. 15,
930–939.
Josefowicz, S.Z., Lu, L.-F., and Rudensky, A.Y.
(2012). Annu. Rev. Immunol. 30, 531–564.
Nishimura, S., Manabe, I., Nagasaki, M., Eto, K.,
Yamashita, H., Ohsugi, M., Otsu, M., Hara, K.,
Ueki, K., Sugiura, S., et al. (2009). Nat. Med. 15,
914–920.
Olefsky, J.M., and Glass, C.K. (2010). Annu. Rev.
Physiol. 72, 219–246.
Sakaguchi, S., Yamaguchi, T., Nomura, T., and
Ono, M. (2008). Cell 133, 775–787.
Spiegelman, B.M. (1998). Diabetes 47, 507–514.
Winer, S., Chan, Y., Paltser, G., Truong, D., Tsui,
H., Bahrami, J., Dorfman, R., Wang, Y., Zielenski,
J., Mastronardi, F., et al. (2009). Nat. Med. 15,
921–929.Caloric Restriction in mTORC1 Control
of Intestinal HomeostasisThurl E. Harris1 and Michael O. Thorner2,*
1Department of Pharmacology
2Division of Endocrinology and Metabolism
Department of Medicine, University of Virginia, Charlottesville, VA 22908, USA
*Correspondence: mot@hscmail.mcc.virginia.edu
http://dx.doi.org/10.1016/j.cmet.2012.06.010
Reducing caloric intake, while maintaining adequate nutrition, promotes longevity in diverse organisms,
possibly by preserving stem and progenitor cell function. Yilmaz and colleagues (2012) now show that caloric
restriction alters intestinal stem cell proliferation and differentiation, and elucidate a mechanism for how the
mammalian stem cell niche responds to environmental inputs.Intestinal stem cells (ISCs) can self-
renew and differentiate for the life of the
organism. Residing in the crypts of
Lieberku¨hn, intestinal stem cells give rise
to transit-amplifying cells, which pro-
liferate and differentiate into cell types
that populate the intestine. Enterocytes,
goblet, and enteroendocrine cells are
found in villi, whereas Paneth cells are
found at the base of the crypts inter-
spersed with the stem cells. Paneth cells
have been implicated in providing essen-
tial paracrine factors including Wnt and
Notch and acting as an essential stemcell niche (Sato et al., 2011). Ex vivo
cultures of crypt cells can be used to
model formation of the intestine. These
organoid cultures have implicated Paneth
cells as essential for stem cell differentia-
tion, and some models of Paneth cell loss
suggest that Paneth cells are required
for intestinal development. However, the
assumption that Paneth cells are required
for the integrity of stem cells and organoid
formation has been questioned by two
recent papers (Durand et al., 2012; Kim
et al., 2012). These studies demonstrated
that complete loss of Paneth cells doesnot prevent the ability of stem cells to
proliferate, differentiate, and fully recon-
stitute the villus in vivo. Organoid forma-
tion was still largely dependent on the
presence of Paneth cells, although this
could be partially rescued by supplemen-
tation with Wnt ligands (Durand et al.,
2012). In the latest in a series of develop-
ments regarding the role of Paneth cells in
the regulation of intestinal stem cells,
Yilmaz et al. (2012) show that Paneth cells
mediate the effects of calorie restriction
on intestinal stem cells. They show that
reduction in caloric intake inhibits the
Figure 1. Paneth Cell-Intestinal Stem Cell Axis
Intestinal stem cells reside at the base of crypts sandwiched between Paneth
cells. Residing in the crypts of Lieberku¨hn, intestinal stem cells give rise to
transit-amplifying cells, which proliferate and differentiate into cell types that
populate the intestine. Enterocytes, goblet, and enteroendocrine cells are
found in villi, epithelial protrusions that increase the surface area of the small
intestine, whereas Paneth cells are found at the base of the crypts interspersed
with the stem cells. Caloric restriction modulates stem cell function by influ-
encing the rate of stem cell proliferation and differentiation. Reduced food
intake inhibits the mTORC1 pathway specifically in Paneth cells, leading to
increased expression of bone stromal antigen 1 (Bst1). Bst1 functions as an
ectoenzyme to convert NAD+ to cyclic ADP ribose (cADPR), which acts as
a necessary paracrine (or autocrine) factor to stimulate division of intestinal
stem cells in response to caloric restriction. This process is associated with
decreased proliferation of more differentiated progenitors (transient amplifying
cells) leading to a reduction in mature enterocytes and intestinal mass.
mTORC1 coordinates inputs such as amino acids, ATP sufficiency, and
growth factors to regulate anabolic processes. Remaining questions (shown
as question marks in the figure) include the following: How does mTORC1
regulate Bst1 expression? How does cADPR transmit a signal to the stem
cell? What are the alterations in stem cell function that occur upon cADPR
signaling?
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PreviewsmTORC1 pathway specifi-
cally in Paneth cells, leading
to increased expression of
bone stromal antigen 1
(Bst1). Bst1 functions as an
ectoenzyme to convert NAD+
to cyclic ADP ribose (cADPR),
which acts as a necessary
paracrine (or autocrine) factor
to stimulate division of stem
cells in response to caloric
restriction. This process is
associated with decreased
proliferationofmoredifferenti-
ated progenitors (transient
amplifying cells) leading to a
reduction in mature entero-
cytes and intestinal mass.
Thus reduced calorie intake
(60%of normal) leads to alter-
ations in intestinal mass by
influencing the rate of stem
cell proliferation and differen-
tiation (Figure 1).
Using organoid cultures,
the authors demonstrate that
caloric restriction regulates
Paneth cells rather than the
stem cells themselves. The
authors cocultured Paneth
and ISC cells from control
or calorie-restricted mice.
Paneth cells from calorie-
restricted mice enhanced
organoid formation by ad libi-
tum-fed ISCs; in contrast
calorie-restricted ISCcultured
with fed Paneth cells did not
enhance organoid formation.
Next, through mTORC1
(genetic) gain- and (pharma-
cological) loss-of-function
experiments Yilmaz et al.
clearly demonstrate that
caloric restriction requires
inhibition of the mTORC1pathway in Paneth cells to modulate stem
cell function. In mice fasted overnight
increased expression of Rheb2 (an
mTORC1 activator) reactivated mTORC1
in Paneth cells, blocking the increased clo-
nogenicity in the crypts caused by calorie
restriction and preventing organoid forma-
tion. Similarly, excising Tsc1 (a negative
regulator of mTORC1) prevented the
increase in Paneth cell frequency.
Conversely, rapamycin, which inhibits
mTORC1, increased the clonogenicity of
crypts.These studies support a model where
Paneth cells respond to environmental
stimuli by directing the proliferation and
differentiation of intestinal stem cells (Fig-
ure 1). However, whether mTORC1 re-
gulation of Paneth cells is absolutely
required for the effects of caloric restric-
tion in vivo or whether Paneth cells can
be substituted by another cell type re-
mains to be determined. It is also unclear
whether cADPR, the signal that stimulates
stem cell division, is sufficient to rescue
organoid formation in the absence ofCell Metabolism 16, JulyPaneth cells. It has been
shown that supplementation
with Wnt3a is sufficient to
partially rescue organoid
formation in the absence of
Paneth cells (Durand et al.,
2012). Would the additional
supplementation of cADPR
(with Wnt3a) provide a more
complete rescue?
Yilmaz and colleagues also
make the interesting observa-
tion that caloric restriction
improves the survival and pro-
liferation of intestinal crypts
after damage induced by
ionizing irradiation. This ob-
servation is consistent with
a recent paper by Lee and
colleaguesshowingdifferential
regulation of neoplastic and
normal cells during nutrient
deprivation (Lee et al., 2012).
Neoplastic cells are unable
to respond to nutrient depriva-
tion appropriately and may
apoptose, whereas normal
cells adapt by activating the
stress pathway. Further, when
nutrient deprivation is com-
bined with chemotherapy, the
normal cells are better able
to tolerate the chemotherapy
while the neoplastic cells
become more vulnerable.
These results raise the possi-
bility of short-term fasting prior
to and immediately after
chemotherapy to minimize
side effects, particularly
nauseaandother adverse gas-
trointestinal effects (Scrable,
2012). The work by Yilmaz
et al. suggests that under
conditions of caloric restriction
there is an increase in thenumber of stem cells or a decrease in the
sensitivity of this cell population to the
effects of chemotherapy. Refeeding may
then lead to more rapid restoration of the
mucosal integrity and function with fewer
side effects.
Considering the potential therapeutic
implications of the work from Yilmaz
et al., it is worth noting that, in the
complex context of an organism, it may
be difficult to separate the effects of
caloric restriction per se from other phys-
iological effects such as fasting.3, 2012 ª2012 Elsevier Inc. 7
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PreviewsSpecifically, circadian rhythms are of
importance in metabolism, and a recent
study demonstrated that mice fed
a high-fat diet for only 8 hr per 24 hr con-
sumed the same number of calories as
mice fed the same diet with free access
to food throughout the 24 hr period (Hatori
et al., 2012). However, the time-restricted
mice were protected from obesity, fat
accumulation in the liver, and other
adverse metabolic consequences.
Another study demonstrated that mice
fed once a day with 40% of their normal
diet ate all the food in the first hour and
thus were fasted for the remaining 23 hr
(Zhao et al., 2010). Thus, calorie-
restricted mice, as in the study from Yil-
maz et al., may learn to eat all their food
quickly, and hence be fasted for the
remainder of the day. Fasting may also
affect stem cell function, and these
effects may be hard to separate from the
effects of the lower calorie intake. Future
studies will be required to resolve this
issue.
Whether the key variable is nutrient
restriction or periods of fasting during8 Cell Metabolism 16, July 3, 2012 ª2012 Elsthe 24 hr cycle, the work by Yilmaz and
colleagues has major implications in
bothmedical and health-related contexts.
First, nutrient sufficiency and insufficiency
together with circadian biology likely play
an important role in regulating metabo-
lism, and the western life style of fast
food, altered sleep patterns, and lack of
exercise may be subverting these biolog-
ical rhythms. These effects may be at the
root of the current obesity and diabetes
epidemic. Given that nutrient status also
affects the recovery of intestinal crypts
after ionizing radiation, regulation of
feeding may be used to improve both
general health and the experiences of
patients during radiation therapy or
chemotherapy. mTORC1 or other
pathway components identified by Yilmaz
et al. could one day serve as clinical
targets in these contexts.
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